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ABSTRACT OF THE THESIS

The Role of Flue-Gas Recycle in Submicrometer Particle Formation during
Oxy-Combustion of American and Chinese Coals
by
Selegha Michael Daukoru
Master of Science in Energy, Environmental & Chemical Engineering
Washington University in St. Louis, 2010
Research Advisor: Professor Pratim Biswas

During oxy-coal combustion, recycled flue gas is used as a diluent to replace N2 in
pulverized coal-fired boilers and to moderate boiler temperatures. However, the effects
of this combustion modality on submicrometer particle formation have yet to be fully
investigated with the control of laboratory-scale experiments. A drop-tube furnace setup
was used to investigate the role of flue-gas recycle on submicrometer particle formation
from two American and four Chinese coals of differing ASTM ranks. Flue-gas recycle
was found to have limited effect on the submicrometer particle size distribution for
Powder River Basin coal (Δdpg ≤ 4 nm) compared to without flue-gas recycle, and
previous results of submicrometer particle formation with once-through systems retain
their validity.

Correlations were obtained among the fixed carbon contents of the

American and Chinese coals and characteristics of measured particle size distributions
such as the geometric mean size and total number concentration.
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Chapter 1
Introduction
The relationships among energy resource extraction, energy conversion, energy use,
human health, and the environment are complex, dynamic, and are of persisting
importance for the following reasons: (1) Global demand for energy is projected to
rise through 2030, driven by developing countries and principally China; (2) fossil
fuels have been and are projected to be the predominant energy resources for decades
to come, with coal consumption alone projected to average 1.7% growth annually
from 2006 to 2030; and (3) fossil fuel extraction, conversion, and use are associated
with negative environmental impacts.1, 2

Oxy-combustion is one modality being developed for the capture and storage of CO2
generated from the combustion of fossil fuels, primarily coal, and the goal of this
thesis is to introduce and discuss implications of this mode of combustion on
submicrometer particle formation, since submicrometer particles are known to be
enriched in toxic trace metals3, preferentially penetrate air-pollution control devices
(APCDs)4-8, harm human health and the environment when released into the
atmosphere9-13, and have possibly negative impacts (such as fouling) on the CO2
capture and storage processes which oxy-combustion is devised to facilitate14. It is
therefore necessary to understand the formation mechanisms of submicrometer
1

particles under various combustion modalities, including oxy-coal combustion with
flue gas recycle, and to do so at the laboratory scale where process parameters
directly related to combustion can be more readily controlled.

1.1

Background

Coal, primarily via pulverized coal (PC) combustion systems, accounts for 41% of
global electricity generation, as much as 49% of electricity generation in the United
States, and 81% in Mainland China.

Coal combustion is the largest single

contributor to global anthropogenic CO2 emissions, contributing 42% of total CO2
emissions15 and 73% of the CO2 emissions associated with electricity and heat use16.
Similarly, in the United States, coal combustion contributes 81% of the CO2
emissions from energy consumption in the electric utility sector17.

Clearly,

pulverized coal combustion is a major source of CO2 emissions, and CO2 emissions
have well-documented effects on the global climate and the earth’s energy balance2.

Oxy-coal combustion is one of several schemes devised for the control and capture
of CO2. It features the replacement of air with O2 while using recycled flue gas
(RFG) as a diluent in the combustion mixture—the main advantage of which is the
output of relatively high-purity CO2 for geological sequestration, enhanced oil
recovery, or other uses18-20.

Such a concept for boiler design has ancillary

advantages of reduced NOx emissions21-23, reduced flue gas volume19, 24, and heat
2

transfer characteristics replicating those of existing, conventional pulverized-coal
boilers25. This combustion modality has the potential to be cheaper than postcombustion capture techniques such as CO2 stripping using amines26, 27. However,
the relationships between oxy-coal boiler design and emissions (gaseous and
particulate) have required detailed study due to the observed and potential impacts of
such emissions on human health and the environment9-13. Criteria for matching or
improving combustion characteristics of new and retrofitted boilers compared to
existing boilers, including criteria for scale-up, have also been required25.

As such, several laboratory-scale studies have considered various aspects of oxy-coal
combustion, including ignition characteristics and flame propagation, char
combustion, ash vaporization and particle formation, NOx reduction and SOx
formation.

Pilot-scale studies have also documented the feasibility of oxy-coal

combustion at-scale and scale-up requirements; operational issues such as flame
stability, char burnout, and gaseous pollutant emissions; and the optimization of oxycoal combustion conditions to replicate radiative and convective heat transfer
characteristics of conventional air-fired operation.

These studies were well

documented in the review by Buhre et al.19 The feasibility of oxy-coal combustion is
also being demonstrated on a pre-commercial pilot scale by a consortium led by the
Swedish utility company, Vattenfall, which began operations at the 30-MW facility
in at Schwarze Pumpe, Germany, in 200828.

Babock and Wilcox has also

demonstrated oxy-coal feasibility at the 30-MW scale since 2007, including new
3

burner design, flame stability, and operational issues involved in smoothly
transitioning from air-fired to oxy-fired and vice-versa29. However, while many of
the foregoing studies have investigated the effects of recycled flue gas on boiler
performance, combustion efficiency, and gaseous pollutant emissions, only a few
have studied submicrometer particle formation and toxic metal emissions,30-34 and
none have done so at the laboratory scale with actual (rather than simulated) recycled
flue gas and with a variety of coal ranks. Thus, the objective of this thesis is to
determine the role of flue-gas recycle in submicrometer particle formation during
oxy-coal combustion of U.S. and Chinese coals.

1.2

Coal Classification

Coal is a heterogeneous sedimentary rock resulting from the action of complex
geochemical processes on plant precursors over time.

Coal is also generally

understood to be a carbonaceous material with mineral inclusions and inorganic
associations within its porous structure. And, much effort has been expended to
systematically classify coals and explain their geographical diversity by probing for
the presence and extent of macromolecular networks that may constitute basic units
of the chemical structure of coal. However, these efforts have had limited success
due to lack of consensus in the literature as to the exact nature of the bonding
between coal’s constituent atoms and disputes over the applicability of molecular
models purported to represent the structure of certain coal types.35
4

In spite of these difficulties, the American Society for Testing and Materials has
promulgated a commonly used classification of coals by rank (ASTM D388-05).
The ASTM classification has become a substitute for more detailed, but limited,
characterization of coal samples and a useful tool for the valuation of coals, because
there are well-known mappings between many physical and chemical properties of
particular coals and their corresponding ASTM ranks36. The ASTM rank is specified
by the fixed-carbon content of a coal and its calorific value, and it broadly classifies
coals based on their degree of geologic aging (or coalification) into the following
main classes, in order of decreasing age: (1) anthracite, (2) bituminous, (3)
subbituminous, and (4) lignite. Each class is further divided into several groups,
according to fixed-carbon content or calorific value, as detailed in Table 1.1.

Table 1.1 ASTM Standard Classification of Coal by Rank (D388-05)35

Class
(1) Anthracite

(2) Bituminous

(3) Subbituminous
(4) Lignite

Group

Fixed
Carbon (%)

Calorific Value
(Btu/lb)

Meta-anthracite
Anthracite
Semianthracite
Low-volatile bituminous
Medium-volatile bituminous
High-volatile A bituminous
High-volatile B bituminous
High-volatile C bituminous
Subbituminous A
Subbituminous B
Subbituminous C
Lignite A
Lignite B

≥ 98
92-98
86-92
78-86
69-78
< 69
< 69
< 69
< 69
< 69
< 69
< 69
< 69

≥ 14,000
13,000 - 14,000
11,500 - 13,000
10,500 – 11,500
9,500 – 10,500
8,300 – 9,500
6,300 – 8,300
< 6,300

5

Two additional protocols are also used to characterize coal samples: (1) proximate
analysis and (2) ultimate analysis. The proximate analysis characterizes coals based
on the quantities of four constituents: char, volatile matter, moisture, and minerals.
The ultimate analysis delineates the elemental composition of the combustible
constituents of coal (i.e., the dry- and mineral-free coal). The amounts of char and
volatile matter largely determine the calorific value of a given coal and therefore its
burning behavior, while the mineral content originally included in the coal structure
is the source of ash particles that are collected after char burning is complete (i.e.
burnout). Figure 1.1 is a schematic of the coal burning process and main particle
formation pathways, as described by Suriyawong et al.30 The coal burning process
and resulting particle formation pathways are briefly described as follows.

6

Figure 1.1 Ash particle formation pathways during coal combustion. Adapted from
Suriyawong, et al.30

7

1.3

Coal Devolatilization

When a coal particle enters a high-temperature furnace or boiler environment, it
undergoes distinct processes, some of which occur in sequence and some of which
can occur simultaneously.

The first of these processes is known as coal

devolatilization, and it involves the thermally activated breakdown of weak C- bonds
in the coal structure and the release of light, volatile hydrocarbon species. These
volatile species, collectively referred to as volatile matter (VM) in proximate
analyses of coal, diffuse away from the coal particle and undergo gas-phase reactions
that evolve heat in the vicinity of the coal particle and advance the process of coal
burning. Secondary reactions involving volatile matter can also produce tar and
soot. The remaining material, which continues to undergo reaction with surrounding
gases, is commonly known as char (or coal char). It is typically more enriched in
carbon and still includes mineral compounds within its porous structure35.

Due to the complex and heterogeneous nature of coal particle structure and
composition, the devolatilization process can include qualitatively unique
phenomena.

For instance, it has been widely observed that, in addition to the

foregoing evolution of volatile material, bituminous coals tend to deform plastically
during the devolatilization process, collapsing much of the porous structure of its
char and impeding the outward pore diffusion of gases. Consequently, gas pockets
or bubbles form, coalesce, and grow as they migrate to the char surface where they
8

then explode and induce fragmentation of the molten char and its mineral and metaloxide inclusions.

This breakup process has been used to explain some of the

observed features of submicrometer particles, such as the presence of cenospheres
and metal-oxide particles with collapsed structures, and a fragmentation pathway is
included in Figure 1.1 to represent this possibility.

1.4

Submicrometer Particle Formation
Mechanisms

Using the same drop-tube furnace setup as used in this study, but in a once-through
configuration, Suriyawong et al.30 studied submicrometer particle formation
mechanisms and mercury speciation during oxy-coal combustion and outlined
possible routes along which trace metals partition into vapor or onto submicrometer
and supermicrometer particles. Since temperature is one of the key parameters
affecting the fate of trace metals during combustion, via its effect on the vaporization
rates for volatile, toxic metals such as Hg, Suriyawong et al. also compared Hg
speciation during conventional coal combustion (with air) with Hg speciation during
oxy-coal combustion conditions.

However, that laboratory-scale study did not

include flue gas recycling, which is a key feature in full-scale oxy-coal combustion
systems. According to Figure 1.1, which includes the major pathways for particle
formation reported in the literature, the following processes related to submicrometer
particle formation are described as follows.
9

1.4.1

Metal Vaporization

Metal species are present in coal predominantly in the form of mineral oxides.
However, trace amounts of metal exist in other forms throughout the coal structure
and many exhibit relatively high volatility compared to the mineral metal oxides.
The vaporization of these volatile metal species from coal has been extensively
studied due to interest in their speciation and fate as well as due to interest in the
capture of toxic metals liberated during coal combustion37-40. The vaporization of
metal species and their role in submicrometer particle formation, while shown in
Figure 1.1 to consist largely of a vaporization-nucleation-condensation pathway, has
also been demonstrated to depend on many factors other than strictly the vapor
pressure of particular metal species and thermodynamic equilibrium considerations.
As discussed in the review by Linak37, factors such as the speciation of the metals
within coal, proximity to other inorganic minerals, and the particular burning
behavior of a coal type all complicate the release of metal species from the burning
char. And, while toxic metal enrichment of submicrometer particles is of significant
importance, more extensive characterization of the trace metals speciation in coal,
coal mineral content, and the speciation of metals in ash would be required to explain
the effect of flue-gas recycle on the submicrometer particles which may result from
metal vaporization.

10

Understanding metal vaporization during coal combustion therefore requires a
detailed knowledge of the speciation and partitioning of metals in coal as well as
information about the interactions among metal species and other inorganic
compounds in coal prior to consideration of the particular pathways through which
these species appear as submicrometer particles. Yan et al.41 addressed this task by
modeling the partitioning of 16 trace metals under various coal combustion
conditions, including varied temperatures (300-1800 K), varied reactant conditions
(oxidizing and reducing), and different coal types. In all, 54 elements and 3200
compounds were accounted for in the modeling effort, resulting in 45 different
species comprised of interactions between the 16 trace metals and other elements.

In spite of the demands in accounting for metal vaporization during coal combustion,
a few researchers have performed more controlled experiments to clarify the particle
formation mechanisms involving trace metal species. Mulholland and Sarofim42
studied the fate of aqueous lead, cadmium and nickel nitrates fed through a
laboratory-scale furnace. They observed that, in the case of nickel, which was not
expected to follow a vaporization pathway for particle formation, submicrometer
particles accounted for 30-35% of the total Ni particle mass. They hypothesized that
bubble formation bursting in the nickel melt during the decomposition of nickel
nitrate into nickel oxide and the evolution of nitrogen dioxide and oxygen were
responsible for the submicrometer particles and micrometer-sized cenospheres
observed. The formation of submicrometer particles of volatile trace metal species
11

via vaporization, nucleation, and condensation can therefore be supplemented by a
pathway consisting of chemical transformation, bubble formation and bursting.
However, species subject to this pathway tend to be present only in trace amounts
relative to the total mineral content in coal.

1.4.2

Metal-Oxide Vaporization

The formation of submicrometer particles during coal combustion has been well
described mechanistically by several groups43-47 and Figure 1.1 is a depiction of the
main formation pathways described in the literature.

Several studies have

established that chemical nucleation from supersaturated metals or sub-oxides and
growth by condensation and coagulation is the pathway that accounts for most of the
submicrometer particle mass43-45. The reduction of metal-oxides by CO into more
volatile metals and sub-oxides was assumed to be at equilibrium at the surface of
burning char particles, as done by Suriyawong et al.30, 48. The partial pressure of
metal or sub-oxide vapors thereby produced is a function of bulk O2-CO2
concentrations as well as the temperature-dependent equilibrium constants for
corresponding metal-oxides. Therefore, the bulk gas composition has direct and
indirect effects on the vapor equilibria of volatile metals and sub-oxides generated by
metal-oxide reduction—directly via the partial pressures of bulk O2 and CO2 and
indirectly via their effect on the adiabatic flame temperature and the temperaturedependent equilibrium constants for metal-oxide reduction.

12

1.4.3

Soot Formation

During coal devolatilization, when volatile matter is being released from coal,
secondary reactions can occur to form soot, which are the carbonaceous particle
products of competing polymerization and cracking reactions that take place during
devolatilization. Fletcher et al.49 reviewed experiments related to soot formation in
coal combustion systems and found that the primary particle size of coal-derived
soot has been reported to be 25-60 nm, present in soot agglomerates up to 38 µm in
size. However, soot yields were only reported for coal pyrolysis experiments rather
than in actual combustors, even though the soot formation process clearly depends
on the gas composition and local gas and particle temperatures. It was also reported
that soot formation largely depends on coal rank and coal particle size, with large (>
80 µm), bituminous coal particles demonstrating the highest tendency to produce
soot particles that emerge as tails on jets of volatile matter being released from the
coal particle49. However, such soot particles were not observed from combustion of
anthracite, small bituminous, and lignite particles.

More recent work by Veranth et al.50 also reported observing a bimodal distribution
of soot particles and aggregates produced during PC combustion of bituminous coal
with a low-NOx pilot-scale burner.

One mode consisted of soot aggregates

associated with char particles > 10 µm, while the second mode consisted of dispersed
soot particles in the submicrometer size range.

13

1.5

Objectives of This Study

Studies of particle formation during oxy-combustion performed so far have not
involved flue-gas recycle, which is expected to affect bulk gas compositions in the
combustion environment. Since bulk gas compositions have been found to affect
submicrometer particle formation, the goal of this work was to investigate of the role
of flue-gas recycle in submicrometer particle formation during oxy-coal combustion,
and this was addressed in the following three parts:
(1)

Determining the effect of the O2/coal ratio on submicrometer particle
formation in O2-N2 systems and in O2-CO2 systems.

(2)

Determining the effect of the flue-gas recycle ratio on submicrometer
particle formation during oxy- (O2-CO2) combustion.

(3)

Determining the effect of coal composition (using American and Chinese
coals) during conventional (coal-air) combustion and during oxycombustion.

14

Chapter 2
Experimental Methods
The key components of the experimental setup, including a coal feed system, a droptube furnace, and sampling components for particles and flue gas, are depicted in
Figure 2.1. This drop-tube furnace setup was modified to include the flue-gas
recycling line from earlier configurations used by Smallwood51 and Suriyawong52.
These main system components, analytical methods used, the test plan and objectives
for this work are briefly described as follows.

15

Figure 2.1 Drop-Tube Furnace Setup for Oxy-Combustion Experiments

2.1

Coal Feed System

Pulverized coal is fed into the furnace using a fluidized-bed coal feeder, consisting of
a high velocity impinger (ACE Glass 7541-10) set, which is used to elutriate coal
particles to be delivered into the furnace. Stokes’ law can be used to estimate the
maximum size of coal particles, dmax, that can be carried out of the impinger bottle
(4-cm inner diameter) for a given gas flow rate, Q, an estimate of the coal particle

16

density, ρcoal, and assuming plug flow. The resulting expression, valid only for
dmax> 1 µm and particle Reynolds numbers (Rep) < 1, is given by Equation 2.1

dmax = 18µQ ρ coal gAimpinger

(2.1)

€ viscosity, Aimpinger is the impinger cross-sectional area and g is the
where µ is the gas
acceleration due to gravity. For Powder River Basin (PRB) coal, ρcoal≈ 720 kg/m3,
and 3 lpm of air, the drag force of air is sufficient to overcome the particle weight
only for particles less than 40 µm. These considerations allow for more accurate
estimation of the coal particle sizes undergoing combustion in the furnace.

2.2

Drop-Tube Furnace

A tubular furnace reactor (Lindberg/Blue M, Model HTF55342C, Tmax=1200ºC,
ThermoElectron Corp., USA) was used in all experiments. It is also called a “droptube” furnace due to its vertical orientation during operation, and it consists of a
centered alumina tube (5.72-cm inner diameter and 121.92-cm long) with its wall
temperature regulated by electrical resistance heating and two thermocouples located
on opposing sides of the tube’s outer wall and at the vertical center of the tube. The
furnace temperature was fixed at 1100ºC, which previous measurements have shown
to coincide with the tube wall temperature for ~0.6 m about the vertical center of the
tube. Detailed temperature profile data are included in Appendix A.
17

2.3

Particle Sampling and Collection

Particles generated during each coal combustion experiment were size-separated into
coarse and fine fractions, and the size distribution of fine fraction (submicrometer
particles) was measured from a slip-stream flow.

2.3.1

Cascade Impactor

For the duration of each experiment, particles exiting the furnace were first inertially
separated and collected using a six-stage cascade impactor (Mark III, Pollution
Control System Corp., Seattle, WA) with a final stage 50% cut-off aerodynamic
diameter of 0.5 µm. The final-stage cut-off diameter is sufficiently larger than the
maximum size of the measured particle size distribution such that particle loss
artifacts from non-ideal collection efficiency of the final stage are assumed to be
negligible. Particles collected in the cascade impactor are referred to as the coarse
fraction.

2.3.2

Scanning Mobility Particle Sizer (SMPS)

Downstream of the cascade impactor, submicrometer particles (< 0.5 µm) were
sampled in real-time (from a 0.3-lpm slipstream) with a scanning mobility particle
sizer (SMPS, TSI Inc., Shoreview, MN) to obtain particle size distributions in the
range 9-425 nm.
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2.3.3

Submicrometer Particle Collection

All unsampled particles downstream of the cascade impactor were referred to as the
fine fraction and collected on Teflon filters for analyses of particle morphology and
mineral content and ash composition. The submicrometer particle morphology was
determined from micrographs obtained by an FEI Nova 2300 field-emission
scanning electron microscope (SEM), and analysis for ash mineral content was
performed using a Rigaku Geigerflex D-MAX/A x-ray diffractometer (XRD), the
MDI mineral database, and Jade Plus software.

2.4

Flue-Gas Sampling

The filtered flue gas was also sampled during experiments to determine the real-time
CO2 concentration as follows.

2.4.1

CO2 Monitor

A portable CO2 analyzer (NOVA Analytical Systems, Inc., Model 302A) was used to
monitor the CO2 volume concentration in the flue gas being exhausted. The analyzer
draws 0.9 lpm of flue gas through a condensate removal filter and a secondary filter
on to an infrared detector and displays the CO2 concentration in real-time. The
detection range for the instrument is 0-100% CO2 at 0.1% resolution.

19

2.5

Experiment Test Plan

Table 2.1 is a summary of the experiment test plan for all sets of experiments whose
results are discussed in the following chapters.

Four sets of experiments were

performed and their respective objectives are as follows:
1. To determine the effect of O2/coal ratio on submicrometer particle formation
in conventional O2-N2 systems (Set I) compared with oxy-combustion O2CO2 systems (Set II) using Powder River Basin (PRB) coal.
2. To determine the effect of flue gas recycle ratio on submicrometer particle
formation during oxy-coal combustion (Set III) using PRB coal.
3. To determine the effect of coal composition on submicrometer particle
formation during conventional (air)- and oxy-coal combustion (Set IV) using
both American and Chinese coals.
Detailed descriptions of the various coal types listed in Table 2.2 are given in
Chapter 5. However, the proximate, ultimate, and mineral analyses for PRB coal are
given in Table 2.1.

Table 2.1 Proximate Analysis, Ultimate Analysis, and Mineral Analysis for Powder River Basin
Coal
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Table 2.2 Summary of Experiment Plan
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Chapter 3
Effect of O2/Coal Ratio on
Submicrometer Particle Formation
during Oxy-Combustion
The oxidizer/fuel ratio is a common parameter in combustion, and the effect of
varying the O2/coal ratio was investigated to clarify the key roles of bulk gas
composition during char burning and submicrometer particle formation. The bulk
gas composition was used to estimate the adiabatic flame temperature of burning
char particles.

The char surface temperatures were then used to estimate the

vaporization rates of volatile metals from burning char particles. The bulk gas
composition also has direct and indirect effects on the vapor equilibria of metaloxide reduction into volatile metals and sub-oxides: directly via the partial pressures
of bulk O2 and CO2 and indirectly via their effect on the adiabatic flame temperature
and therefore the temperature-dependent equilibrium constants for metal-oxide
reduction.

3.1

Effect of Flame Temperature

Based on thermochemical considerations alone, metal and metal-oxide vaporization
rates exhibit strong dependence on temperature. Char surface temperatures during
22

burnout were therefore estimated for each combustion condition.

These

temperatures were assumed to be the respective adiabatic flame temperatures, using
the widely used chemical equilibrium computer code, STANJAN53, since
vaporization occurs from the char surface. The coal-O2-CO2 or coal-O2-N2 mixture
compositions for each combustion condition were used to estimate the adiabatic
flame temperatures for the burning char, and the corresponding temperatures for
each reactant mixture are included in Table 3.1.

Table 3.1 Estimates of Adiabatic Flame Temperature for Varied O2/Coal Ratios in Coal-O2/N2
and Coal-O2/CO2 Systems
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The reduction of metal-oxides (MOn) by CO into more volatile metals and suboxides (MOn-1) was assumed to be at equilibrium at the surface of burning char
particles, as done by Suriyawong et al.30 and given by the reaction in Equation 3.1.

MOn(s) + CO ⇔ MO n−1(v ) + CO2

(3.1)

To obtain €
reasonable estimates of the equilibrium constants for such reactions,
Senior et al.48 fit experimental data (over the range 1500-2500 K) using the
temperature-dependent expression of Equation 3.2.

ln(K i ) = Ai + ( Bi ×10 4 ) T

(3.2)

where Ki is the €
equilibrium constant for a metal oxide (atm), Ai and Bi are respective
coefficients, and T is the vaporization temperature (K). Table 3.2 is a summary of
the equilibrium constant coefficients for vaporization reactions of typical metal
oxides present in coals.
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Table 3.2 Equilibrium Constant Coefficients for Vaporization Reactions of Typical Metal
Oxides in Coals48

Vaporization Reaction
SiO2 + CO ⇔ SiO + CO2
Al2O3 + CO ⇔ Al2O + CO2
CaO+ CO ⇔ Ca + CO2
MgO + CO ⇔ Mg + CO2
FeO + CO ⇔ Fe + CO2

A
18.8256
24.0505
13.2182
14.4976
11.4942

B
-5.9700
-11.3361
-6.1507
-5.4094
-4.2064

Equilibrium constants for sub-oxides listed in the vaporization reactions above were
then estimated at calculated flame temperatures, according to Equation 3.2, for each
combustion condition and summarized in Table 3.3.

Table 3.3 Calculated Equilibrium Constants for Metal-Oxide Reduction during Varied O2/Coal
Ratios in Coal-O2/N2 and Coal-O2/CO2 Systems
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Table 3.3 reveals the relative volatility of the sub-oxides from metal-oxide reduction
at estimated flame temperatures.

For instance, SiO and Fe have the highest

equilibrium constants at each condition.

3.2

Effect of Gas Composition

One principal effect of gas composition on submicrometer particle formation is
through the effect on vapor equilibria of metal-oxide reduction into volatile metals
and sub-oxides, as given in Equation 3.1. However the exact equilibrium relations
differ between the coal-O2-N2 system and the coal-O2-CO2 system because, in the
former case, the only source of CO2 at the char surface is that which is evolved
during the metal-oxide reduction reaction. As such, these two cases are treated
separately and are as follows.
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3.2.1

Coal-O2-N2 System

The equilibrium constant Ki for the metal oxides that undergo the reduction reaction
of Equation 3.2 is given by Equation 3.3.

Ki =

pMOn−1 pCO2

(3.3)

aMOn pCO

€ pressure of species i and, a , the activity of the solid metal
where pi is the partial
MOn

oxide is assumed to be equal to 1, while pCO2 is equal to pMOn−1 since the only source

€
€

€
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of CO2 at the char surface is that generated during the evolution of metal or suboxide vapor, MOn-1, resulting in Equation 3.4 for O2-N2 systems.

Ki =

2
pMO
n−1

(3.4)

pCO

Assuming all the O2 €
reaching the char surface is consumed and CO is the only
product, the partial pressure of CO at the char surface is given by Equation 3.5 in the
Langmuir-adsorption form of Senior et al. 48

pCO (at surface) =

2 pO2 (bulk )
1+ pO2 (bulk )

(3.5)

The partial €
pressure of the volatile sub-oxides can then be expressed as a function of
the temperature-dependent equilibrium constant and the bulk O2 concentration by
combining Equations 3.4 and 3.5 to give Equation 3.6

pMOn−1

 2p

=  O2 (bulk ) ⋅ K i (T)
1+ pO2 (bulk )


€
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1

2

(3.6)

3.2.2

Coal-O2-CO2 System

In this system, in addition to the CO2 at the char surface generated by the reduction
of metal oxides, diluent CO2 also contributes to the CO2 concentration at the char
surface. As such, the expression for the equilibrium constant is given by Equation
3.3 as in the O2-N2 system. However, in this case, CO2 is not only produced during
the evolution of sub-oxide vapors, but it also exists in the bulk gas mixture.
Equation 3.3 can then be combined with Equation 3.5, as before, to obtain the partial
pressure for volatile sub-oxides, as shown in Equation 3.7.

pMOn−1 =

2 pO2 (bulk )
pCO2 (1+ pO2 (bulk ) )

⋅ K i (T)

(3.7)

The bulk€gas concentrations, whether O2 (in the O2-N2 system) or O2 and CO2 (in the
O2-CO2 system), can therefore be used to estimate the amount of particular suboxides generated and the total amount of solid metal-oxides vaporized via the
chemical reduction pathway.

3.3

Heat & Mass Transport Considerations

The replacement of N2 with CO2 also has important heat and mass transfer
implications because the physical properties of N2 and CO2 are significantly
different. The larger specific heat capacity of CO2 (1.7x larger) compared to N2
29

results in marked decreases in furnace gas temperatures, reduced char burnout rates,
and decreased char surface temperatures by up to 500°C54,
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, as well as delayed

ignition times for coal particles and char particles56, 57.

Since the char burning process is diffusion-limited, the mass diffusivity of O2 from
the bulk to the char surface is also an important quantity. The mass diffusivity of O2
in CO2 is less than the diffusivity of O2 in N2, so that the rates of char oxidation and
the accompanying heat generation are retarded when N2 is replaced with CO2. Also,
the heat and mass transport effects are coupled in that the mass diffusivity is a
function of local temperature, and lower char surface temperatures during

oxy-combustion that arise due to thermochemical and heat transport considerations
can reduce the local gas temperatures in the vicinity of the char particle enough to
further impede O2 transport to the char surface.

3.4

Results and Discussion

Powder River Basin (PRB) subbituminous coal, whose characteristics will be
described in more detail in Chapter 5, was combusted to demonstrate the effects of
flame temperature and bulk gas composition on submicrometer particle formation.
Table 3.4 contains calculated partial pressures of sub-oxides generated from metal-
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oxides contained in PRB coal at the flame temperatures corresponding to the bulk
gas mixtures delineated in Table 3.1.

Table 3.4 Calculated Sub-Oxide and Metal Partial Pressures from Metal-Oxide Reduction
during Varied O2/Coal Ratios in Coal-O2/N2 and Coal-O2/CO2 Systems

The same O2-N2 or O2-CO2 gas concentrations as used in the foregoing calculations
were used in combustion experiments with PRB coal. The resulting submicrometer
particle size distributions for PRB coal combusted in O2-N2 and PRB coal in O2-CO2
are shown in Figures 3.1 and 3.2 respectively, while the summary statistics for these
conditions are in Table 3.5.
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Figure 3.1 Submicrometer Particle Size Distributions during Combustion of PRB Coal Varied
O2/Coal Ratios in O2-N2 Mixtures
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Figure 3.2 Submicrometer Particle Size Distributions during Combustion of PRB Coal with
Varied O2/Coal Ratios in O2-CO2 Mixtures

Table 3.5 Summary Statistics for Submicrometer Particle Size Distributions during Combustion
of PRB Coal with Varied O2/Coal Ratios
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With a fixed furnace temperature and residence time for all tests, the total time
available for coagulation and condensation growth was maintained for all conditions,
so that the size distribution statistics in Table 3.5 can be more readily related to the
calculated sub-oxide partial pressures in Table 3.4. In both conventional (O2-N2) and
oxy-combustion (O2-CO2) systems, the geometric mean size, total number
concentration, total surface area concentration, and total volume concentration all
increase with increasing O2/coal ratio due to enhanced vaporization rates and
oxidation rates of sub-oxides to form metal oxide particles. As predicted by the
vaporization-chemical nucleation pathway and equilibrium considerations, at a given
O2/coal ratio, the total number concentration, surface area concentration, and volume
concentration are all higher in the conventional (O2-N2) system than in the oxycombustion (O2-CO2) system. This can be explained by the difference in metal
oxide vaporization rates due to the effects of flame temperature, gas composition,
and heat & mass transport properties as describe above and confirmed by other
studies30, 45, 58 Figure 3.3 also highlights the significant positive correlation between
the total sub-oxide partial pressures calculated∗ and the measured total volume
concentrations during oxy-combustion, demonstrating that the vaporizationnucleation pathway, as described by the foregoing expressions, can account for the
submicrometer particles observed during experiments in O2-CO2 systems.

The plotted values of total sub-oxide partial pressure are weighted sums over the sub-oxides of Table
3.4, with respect to the mineral metal-oxide composition of PRB coal.
∗
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Figure 3.3 Scatter Plot of Total Volume Concentrations for Submicrometer Particles Sampled
vs. Calculated Total Sub-Oxide Partial Pressures during Oxy-Coal Combustion at Varied
O2/Coal Ratios
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Chapter 4
Role of Flue-Gas Recycle in
Submicrometer Particle Formation
during Oxy-Combustion
Oxy-coal combustion involves the removal of N2 from air in the combustion process
in order to increase the CO2 concentration in flue gas from ~16% to ~98% and
therefore avoid costly gas separation processes required prior to CO2 storage. Fluegas recycle is a feature of oxy-coal combustion that uses CO2-rich flue gas as a
replacement for N2 to moderate temperatures in PC boilers while coal burns in O2.
Clearly, this combustion modality significantly alters the bulk gas composition in all
parts of oxy-combustion systems, including in a drop-tube furnace setup during oxycoal combustion. Thus, to quantify the effect of flue-gas recycle on submicrometer
particle formation, it is necessary to estimate the effect of flue-gas recycle on bulk
gas compositions throughout the drop-tube furnace setup during steady-state
operation.
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4.1

Effect of Flue-Gas Recycle on Gas
Composition

The flue-gas recycle ratio is the ratio of the recycled flue gas volume flow rate to the
total flow rate through the furnace, and changes in the bulk gas composition affect
char burnout and submicrometer particle formation. Hence, it was necessary to
determine the effect of flue-gas recycle ratio on the CO2 concentrations throughout
the system.

Assuming complete char burnout, mass and mole balances were

performed over all gas streams in the drop-tube furnace system to estimate the CO2
mole fractions throughout the system for each oxy-coal combustion condition (see
Appendix C for detailed balance calculations).

4.1.1

System Mole Balances for CO2

The inlet concentration of CO2 into the drop-tube furnace was determined during
steady-state operation with flue-gas recycle by applying mole balances at all gas
splitting and combination points in the system and accounting for all gas streams.
Figure 4.1 is a system schematic illustrating the gas mixture states accounted for in
the balance calculations.
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Figure 4.1 Drop-Tube Furnace Setup with Gas Mixture States during Steady Oxy-Combustion
Operation

The CO2 concentration at the furnace inlet was then expressed in terms of known,
measured quantities, as shown in Equation 4.1

x5 =

x 4 F4 + x 8 F9
F5

(4.1)

where xi and Fi are€the CO2 mole fraction (or volume fraction) and volumetric flow
rate at state i, respectively.
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The calculated CO2 mole fractions at the system exhaust were compared to online
measurements of the CO2 volume fraction at the exhaust using a portable infrared
CO2 gas monitor (Nova Scientific) and found to be in good agreement. The CO2
concentration at the furnace inlet was found to increase only slightly with increasing
recycle ratio, from 80% at no-recycle to 80.47% at 80% recycle. Figure 4.2 is a plot
of CO2 concentration at the furnace inlet and corresponding adiabatic flame
temperatures as a function of flue-gas recycle ratio.

Figure 4.2 CO2 Concentrations at Furnace Inlet and Adiabatic Flame Temperatures as a
Function of Flue-Gas Recycle Ratio
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4.2

Results and Discussion

The submicrometer particle size distributions obtained during oxy-combustion of
PRB coal with varied flue-gas recycle ratios are shown in Figure 4.3•, and the size
distribution summary statistics are given in Table 4.1.

Figure 4.3 Submicrometer Particle Size Distributions for Conventional Coal-Air Combustion
and Oxy-Combustion at Varied Flue-Gas Recycle Ratios for PRB Coal

The total gas flow rate through the furnace (and therefore the residence time) during all oxycombustion experiments, with and without flue-gas recycle, was kept fixed at 3 lpm (40-sec residence
time). While initiating flue-gas recycle, the same amount of recycle volume flow was applied as a
turndown of the supply gases from the laboratory gas cylinders.
•
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Table 4.1 Summary Statistics for Submicrometer Particle Size Distributions during Combustion
of PRB Coal with Varied Flue-Gas Recycle Ratios at 1200 °C Furnace Temperature

Increasing flue-gas recycle ratios have the modest effect of increasing the inlet CO2
concentration and thereby reducing the O2/coal ratio from 12.6 (no recycle) to 12.3
(80% recycle). As a result, the geometric mean size decreased from 42.8 nm to 38
nm, while the total number, surface area, and volume concentrations did not vary
significantly with flue-gas recycle.

However, the differences between oxy-

combustion and conventional combustion in air remain—particularly in terms of the
geometric mean size and geometric standard deviation, both of which are higher in
the case of coal-air combustion than in the case of oxy-coal combustion with or
without recycle. This difference may be attributed to the suppressive effect of CO2
(compared to N2) on vaporization rates of volatile metal species and metal oxides,
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via its role in determining the char surface temperature during burning and its role in
shifting volatile sub-oxide equilibria as discussed in Chapter 3.

Figure 4.4 contains x-ray diffractograms of submicrometer ash samples resulting
from PRB coal combustion (a) in air, (b) in O2-CO2 without flue-gas recycle, and (c)
in O2-CO2 with 40% flue-gas recycle.

Figure 4.4 X-Ray Diffractograms of Submicrometer Particles Collected during Combustion of
PRB Coal at Three Different Conditions (S: SiO2, A: Al2O3, C: CaO, H: Fe2O3)
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The XRD detected most of the metal oxides expected to be contained in the
submicrometer ash, including silica (SiO2), calcium oxide (CaO), and iron (III) oxide
(Fe2O3). The sample from conventional coal-air combustion appears to have these
species most manifest, as expected from the equilibrium calculations with the
adiabatic flame temperature. Also, as expected, diffractograms (b) and (c) from the
oxy-combustion cases appear to be very similar, barring the slight diminution of CaO
and Fe2O3 peak intensities, and confirming that flue-gas recycle has mainly the effect
of lowering the adiabatic flame temperature, which has consequent effects on coal
devolatilization,

the

temperature-time

history

of

char

transformations, and vaporization of metals and metal oxides.
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burnout,

mineral

Chapter 5
Effect of Coal Composition on
Submicrometer Particle Formation
during Oxy-Combustion
The diversity and heterogeneity of coals plays a significant role in the burning
behavior of coal particles and the formation of submicrometer particles.

The

phenomenological and thermophysical aspects of coal devolatilization, char burning,
and pollutant formation have been well-documented for conventional PC combustion
as well as for oxy-combustion conditions of different coal seams23,

31, 34, 58-61

.

However, none of the studies reported the effect of flue-gas recycle on
submicrometer particle formation across a variety of different coal seams and ranks.
Here, two American and four Chinese coals are selected for study.

5.1

Coal Sample Selection

Coals from the United States and China were selected due to their primacy in global
coal consumption for electricity generation. The two American coals were selected
for this work: Powder River Basin (PRB) coal and Illinois #6 coal. Each is being
actively used in Ameren UE power plants servicing Missouri and Southern Illinois,
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and their ASTM ranks (subbituminous and bituminous) constitute 90% (37% and
53%, respectively) of the coal reserves in the United States62. Powder River Basin
(PRB) coal is a major source of coal for electric utilities in the U.S. due to its
relatively low cost and very low sulfur content, while Illinois #6 coal, in addition to
having a higher calorific value and being available due to proximity, is used where
SO2 can be adequately controlled. The four Chinese coals were chosen based on
their relative diversity in rank—one of each major ASTM rank.

5.1.1

American Coals

PRB coal is typically subbituminous, while the Illinois #6 sample is a high-volatile C
bituminous coal. Both coals were obtained from mines owned by Peabody Energy:
North Antelope/Rochelle mine (Wright, WY) and Gateway mine (Coulterville, IL),
respectively. Table 5.2 contains the proximate and ultimate analyses for the two
selected coals, and Table 5.1 contains the mineral content analyses for each coal
(supplied for these samples by Ameren UE and Peabody Energy, respectively).

Table 5.1 Mineral Fractions in Ash Content of Powder River Basin (PRB) and Illinois #6 Coal
Samples (Analyses from Ameren UE and Peabody Energy respectively.)
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5.1.2

Chinese Coals

Four Chinese coals were selected based on their ASTM rank as follows: S01
(lignite), S04 (anthracite), S07 (subbituminous), and S10 (bituminous). The lignite,
subbituminous, and bituminous samples were obtained from mines in Inner
Mongolia Province, while the anthracite sample (S04) was obtained from a mine in
Chongqing Province. Table 5.2 contains the proximate and ultimate analyses for
each of the four selected coals.

Table 5.2 Proximate and Ultimate Analyses for American & Chinese Coals

5.2

Coal Sample Characterization

To prepare each coal sample for combustion in the drop-tube furnace, as-received
samples were air-dried in a desiccating chamber, ground with a household electric
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grinder, and separated into the 150-mesh size (100 µm) fraction with a standard 8”
sieve and a mechanical vibrator. In the absence of information on the mineral
content of the selected Chinese coal samples, x-ray diffraction (XRD) was used to
identify the major mineral constituents of sample. Figure 5.1 is a stacked plot of
XRD spectra for respective coal samples, with labeled peaks denoting the presence
of matching mineral compounds. The matched mineral phases for each sample are
listed as follows:

•

PRB: quartz (SiO2), kaolinite (Al2Si2O5(OH)4)

•

Illinois #6: quartz (SiO2), pyrite (FeS2), kaolinite (Al2Si2O5(OH)4)

•

S01-Lignite: kaolinite (Al2Si2O5(OH)4), quartz (SiO2)

•

S04-Anthracite: kaolinite (Al2Si2O5(OH)4), pyrite (FeS2), quartz (SiO2), calcite
(CaCO3)

•

S07-Subbituminous: kaolinite (Al2Si2O5(OH)4), boehmite (AlO(OH)), pyrite
(FeS2), siderite (FeCO3), calcite (CaCO3), hematite (Fe2O3)

•

S10-Bituminous: quartz (SiO2), kaolinite (Al2Si2O5(OH)4)

Kaolinite transforms into a variety of species, depending on temperature, coal
composition, and local combustion conditions (oxidizing or reducing). Between
1300 K and 1500 K, kaolinite simply fuses and remains as aluminosilicate fly ash.
Above 1500 K, for bituminous coals, kaolinite transforms to mullite (3Al2O3-2SiO2)
and aluminum oxide (Al2O3), while for lignites, it may interact with CaO to form
gehlenite (2CaO-SiO2-Al2O3) or anorthite (CaO-2SiO2-Al2O3).63
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Pyrite rapidly forms iron sulfide (FeS) at high temperature (~1473 K).

This

subsequently becomes iron (III) oxide (Fe2O3) under oxidizing conditions, possibly
forming Fe3O4 under reducing conditions before being oxidized to Fe2O3. Calcite
also undergoes rapid transformation into CaO at high temperatures (1273-1830 K),
and CaO may remain isolated in fly ash or become associated with the
aluminosilicate transformations of kaolinite.33

These findings are useful for

correlating mineral content of collected submicrometer fly ash particles with known
or postulated aspects of the coal combustion process, such as comparing calculated
values of vaporized metal-oxides to measured amounts of submicrometer particles.
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Figure 5.1 X-Ray Diffraction Spectra for Selected American & Chinese Coals (Q-Quartz, KKaolinitie, P-Pyrite, C-Calcite, B-Boehmite, S-Siderite, H-Hematite)
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5.3

Results and Discussion

Samples of each of the selected coals were combusted in air, and their respective
submicrometer particle size distributions are shown in Figure 5.2. The same samples
were then combusted in O2-CO2 (oxy-combustion) at a fixed flue-gas recycle ratio
(40%), and the particle size distributions for the American and Chinese coals in this
case are shown Figures 5.3 and 5.4 respectively.

Figure 5.2 Submicrometer Particle Size Distributions for Conventional Coal-Air Combustion
with American & Chinese Coals at a Fixed O2/Coal Molar Ratios (~12.6)
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Figure 5.3 Submicrometer Particle Size Distributions for Oxy-Coal Combustion with American
Coals at a Fixed Flue-Gas Recycle Ratio (40%)

51

Figure 5.4 Submicrometer Particle Size Distributions for Oxy-Coal Combustion with Chinese
Coals at a Fixed Flue-Gas Recycle Ratio (40%)

Table 5.3 contains the summary statistics for the particle size distributions of all the
combustion conditions involving varied coal types. In air, the subbituminous PRB
and S07 coals were found to generate the highest number concentration of
submicrometer particles, while the lignite, S01, generated the lowest number
concentration of submicrometer particles, presumably due to it having the lowest
calorific value of all the samples tested.
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Table 5.3 Summary Statistics for Submicrometer Particle Size Distributions during Combustion
of American & Chinese Coals during Conventional-Air and Oxy-Combustion Conditions

The bituminous S07 was observed to be bimodal, with one mode ~25 nm and
another ~120 nm when combusted in air and similarly when combusted in the O2CO2 mode. Second modes also appeared between 100 nm and 300 nm for PRB and
Illinois #6 coals during oxy-combustion. This second mode was possibly populated
by soot particles as reported by Fletcher et al.49.

Figure 5.5 is the x-ray

diffractogram of a submicrometer sample collected during oxy-combustion of
Illinois #6.
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Figure 5.5 X-Ray Diffractogram of Submicrometer Particles Collected during Combustion of
Illinois #6 Coal in Air

The diffractogram confirms that the sample was largely non-crystalline and
consistent with possible coal-derived soot. The submicrometer particles were also
collected during combustion of S07 in air and were examined using an SEM. Figure
5.6 is an electron micrograph of this sample, showing spherical submicrometer
particles and well-sintered agglomerates, but no indication of soot agglomerates.
Figures 5.3 and 5.4 suggest that the incidence of soot formation may be promoted by
replacing conventional (air) combustion with oxy-coal combustion, creating a more
pervasive reducing environment in which soot yield may either be enhanced or postcombustion soot oxidation may be suppressed. However, the emergence of a second
mode ~100 nm may also be due to metal-oxide particle growth by coagulation, since
it has recently been reported by Zhang et al. through direct high-speed camera
observations that buoyancy forces due to the evolution of tar volatile matter from
bituminous coal can significantly retard the particle motion in a drop-tube furnace,
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particularly in the early stages of combustion64.

This may lead to longer than

predicted time available for coagulation and sintering, and at higher temperatures.

Figure 5.6 Scanning Electron Micrograph of Total Ash Particles Collected during OxyCombustion of S07 Coal

For all samples (excepting the lignite S01), switching from air to O2-CO2 resulted in
a reduction in the total number concentration, and for PRB, Illinois #6, and S07, the
persistence of a mode ~100-300 nm. However, there is no apparent relationship
between the presence of this mode and the coal rank, since a similar mode was not
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observed during the combustion of the bituminous S10 coal, which is most similar to
the bituminous Illinois #6 sample.

Considering the summary statistics of the submicrometer particle size distributions in
Table 5.3, two pairs of correlations were extracted: one for the coal-air cases and one
for the oxy-coal with recycle case. The first correlation in each pair consists of the
total number concentration and the fixed carbon content for each coal, while the
second consists of the geometric mean diameter and the fixed carbon content for
each coal. With the exception of Chinese lignite, which had the lowest heating
value, significant negative correlations between fixed carbon content and both total
number concentration and geometric mean diameter were observed for coal-air
combustion. In other words, higher fixed carbon content corresponded to lower
mean diameters and lower total number concentrations. Recall that the higher the
fixed carbon content, the lower the sum of volatile matter and ash content (on a dry
basis). Figures 5.7 and 5.8 are scatter plots of total number concentration and
geometric mean diameter respectively, each plotted against fixed carbon content for
respective coal samples.
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Figure 5.7 Scatter Plot of Total Number Concentration vs. Fixed Carbon Content for
Submicrometer Particles Sampled during Coal-Air Combustion
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Figure 5.8 Scatter Plot of Geometric Mean Diameter vs. Fixed Carbon Content for
Submicrometer Particles Sampled during Coal-Air Combustion

For the coal-air cases, the negative correlations between fixed carbon content and
total number concentration and geometric mean diameter were strong (r2=0.85 and
0.79 respectively), while for the oxy-coal cases (shown in Figures 5.9 and 5.10), the
corresponding correlations were insignificant (r2=0.25 and 0.58 respectively). The
absence of significant correlations during oxy-coal combustion may be attributed to
the demonstrated suppressive effect of CO2 on metal-oxide vaporization and the
disparate degrees of suppression due to the varied mineral composition of the coals
used.
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Figure 5.9 Scatter Plot of Total Number Concentration vs. Fixed Carbon Content for
Submicrometer Particles Sampled during Oxy-Coal Combustion with 40% Flue-Gas Recycle
Ratio
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Figure 5.10 Scatter Plot of Geometric Mean Diameter vs. Fixed Carbon Content for
Submicrometer Particles Sampled during Oxy-Coal Combustion with 40% Flue-Gas Recycle
Ratio
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Chapter 6
Summary & Conclusions
The role of flue-gas recycle in submicrometer particle formation was investigated in
three steps: (1) understanding the effect of gas composition on the metal-oxide
vaporization and chemical nucleation pathway by varying the O2/coal ratio during
combustion of Powder River Basin (PRB) coal in two distinct systems—the
conventional O2-N2 system and the oxy-coal O2-CO2 system; (2) characterizing the
effect of flue-gas recycle on CO2 concentration at the furnace inlet to better estimate
the O2/coal ratio during oxy-combustion experiments with flue-gas recycle; and (3)
assessing submicrometer particle formation during oxy-combustion with flue-gas
recycle by combusting two American and four Chinese coals, spanning the range of
ASTM coal ranks.

Gas compositions, particularly bulk concentrations of O2 and CO2, play a key role in
determining both the adiabatic flame temperature as well as actual char surface
temperatures during burnout. And, the char surface temperature and the temperature
in the vicinity of the burning char particle is a critical parameter in multiple metal-
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oxide/sub-oxide vaporization equilibria, with the O2-CO2 system more sensitive to
the vaporization temperature than the O2-N2 system.

The flue-gas recycle ratio was introduced as the ratio of the flue-gas volume flow
rate to the total volume flow rate through the furnace, such that steady flue-gas
recycling was achieved for ratios up to 80%. Particle size distribution measurements
of PRB fly ash during oxy-combustion with flue-gas recycle did not show significant
change with increasing flue-gas recycle ratio. Increasing flue-gas recycle from norecycle to 80% recycle was found to slightly reduce the O2/coal molar ratio from
12.6 to 12.3, and a corresponding decrease of 4 nm in the geometric mean size of the
submicrometer particle size distribution was observed by differential mobility
analysis. This implies that previous results from experiments performed with oncethrough laboratory-scale systems retain their applicability with respect to
mechanisms of submicrometer particle formation.

Two American coals (subbituminous PRB and bituminous Illinois #6) were used in
conjunction with four Chinese coal samples, each of different ASTM rank (S01lignite, S04-anthracite, S07-subbituminous, and S10-bituminous). In consonance
with reported results in the literature, Illinois #6 was found to yield submicrometer
particles believed to be soot agglomerates (~100-200 nm) in addition to fly ash (~25
nm) during oxy-combustion with flue-gas recycle, likely due to the modest furnace
wall temperature (1373 K) compared with other combustion studies and locally
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reducing conditions more favorable to coal devolatilization and gas-phase soot
formation reactions than soot oxidation.

Larger-than-estimated coal particle

residence times, particularly in the early stages of burnout at the highest-temperature
regions of the furnace, may also contribute to the emergence of additional, larger
modes among bituminous coals with high volatile matter content. Excepting the
low-heating-value Chinese lignite sample (S01), both American and Chinese coals
were found to exhibit negative correlations between their fixed carbon content and
the total number concentration and geometric mean diameter of submicrometer
particles. These correlations were found to be stronger for coal-air combustion than
during oxy-coal combustion with flue-gas recycle, likely due to the suppressive
effect of CO2 on metal-oxide vaporization during oxy-coal combustion. Scanning
electron microscopy was also used to verify that the vaporization-nucleationpathway was dominant in for the submicrometer particles measured, and the
suppressive effect of CO2 on the vaporization pathway was confirmed by noting that
the total number concentrations of submicrometer particles were lower during oxycombustion with recycle compared to combustion in air for all coals, except the
Chinese lignite S01, whose total number concentration of submicrometer particles
did not undergo significant change.
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Appendix A
Drop-Tube Furnace Temperature
Profiles
The furnace temperature profiles measured for two furnace temperature set-points
are shown below (from Smallwood51):
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Appendix B
Flow Parameter Calculations for DropTube Furnace Setup
Using the dimensions of the alumina furnace reactor tube (2.5-in. ID, 48-in. length),
as well as the furnace temperature profile, process flow parameters such as the
residence time were calculated as follows:
Residence Time
The gas residence time in the furnace was estimated in three sections of the tube
length, from the top of the tube (section 1: 0-10 in., section 2: 10-32 in., section 3:
32-48 in.). Average temperatures for each of these sections were then used for each
section, based on the temperature profile of Appendix A.
Applying the ideal gas law, we find that the product of the gas density and
temperature are constant.
ρT = PM/R = 352.8 K kg/m3
where ρ is the gas density, T is the average temperature in a section, P is the pressure,
M is the molar mass of gas, and R is the ideal gas constant. Based on mass
conservation and an inlet gas flow rate Q0, the mass flow rate ρ0Q0 into the furnace is
also constant, and the residence time for the entire tube length can be calculated as
follows:
t res =

πr 2 L1 πr 2 L2 πr 2 L3
+
+
Q1
Q2
Q3

where r is the inner radius of the alumina tube
€
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Gas Temperature
The gas temperature for each section of the furnace tube was estimated using
correlations for forced convection heat transfer in a fully-developed laminar flow
pipe (Incopera and DeWitt, Fundamentals of Heat and Mass Transfer, 5th ed., 2002).
 πDL h 
i
Tgas,i = Twall − (Twall − Tgas,i−1 ) ⋅ exp −

˙
m
C

p 

€

where
Nu ⋅ kgas
h=
D
and h is the convective heat transfer coefficient, D is the inner diameter of the
alumina tube, Li is the length of the tube section, Cp is the specific heat capacity of
the gas, Nu is the Nusselt number (=3.66 for uniform tube wall temperature), and kgas
is the thermal conductivity of the gas.
A plot of the calculated gas temperature, as outlined above, for air and an O2-CO2
mixture (20%-80%) is as follows, with the measured temperature profile (from
Smallwood51) of the furnace wall overlaid.
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Appendix C
System Mole Balances for CO2
Mole balances were applied on a node-by-node basis as follows:
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